In this work, organic electroluminescent (EL) devices with double light-emitting layers (EMLs) having stepwise energy levels were designed to improve the EL performance of a red-light-emitting platinum(II) Schiff base complex. A series of devices with single or double EML(s) were fabricated and characterized. Compared with single-EML devices, double-EML devices showed improved EL efficiency and brightness, attributed to better balance in carriers. In addition, the stepwise distribution in energy levels of host materials is instrumental in broadening the recombination zone, thus delaying the roll-off of EL efficiency. Phosphorescent transition metal complexes have been increasingly used in organic light-emitting devices (OLEDs) [1] . While the efficiency and brightness of blue and green electroluminescent (EL) devices have already attained the requirements needed for practical applications [2, 3] , the performance of pure-red-light-emitting EL devices still presents a challenge [4] . In general, phosphorescent metal complexes which display deep red emission are relatively sparse, and the reported red phosphorescent metal emitters usually do not display good emission efficiency and brightness in OLEDs. By definition, white emission requires a mixture of primary (red, green, and blue) colors. Thus, the synthesis of efficient pure red emitters and optimization of device structure have become critical issues in the development of efficient and broad-spectrum white OLEDs. Previously, we have reported a series of platinum(II) Schiff base complexes and used them to fabricate pure red EL devices with the best current efficiency up to 10.8 cd∕A [5] . Recently, Fukagawa et al. reported the fabrication of a series of pure red EL devices by doping two phosphorescent red-light-emitting platinum(II) complexes into low-energy-gap host materials [6] . The highest external quantum efficiency and power efficiency up to 19.5% and 30.3 lm∕W, respectively, have been realized. However, this device design strategy is not appropriate for white OLEDs because the low triplet energy of host material(s) could lead to reverse energy transfer from blue and green emitters to host molecules, thereby leading to quenching of blue and green emissions [1] .
Phosphorescent transition metal complexes have been increasingly used in organic light-emitting devices (OLEDs) [1] . While the efficiency and brightness of blue and green electroluminescent (EL) devices have already attained the requirements needed for practical applications [2, 3] , the performance of pure-red-light-emitting EL devices still presents a challenge [4] . In general, phosphorescent metal complexes which display deep red emission are relatively sparse, and the reported red phosphorescent metal emitters usually do not display good emission efficiency and brightness in OLEDs. By definition, white emission requires a mixture of primary (red, green, and blue) colors. Thus, the synthesis of efficient pure red emitters and optimization of device structure have become critical issues in the development of efficient and broad-spectrum white OLEDs.
Previously, we have reported a series of platinum(II) Schiff base complexes and used them to fabricate pure red EL devices with the best current efficiency up to 10.8 cd∕A [5] . Recently, Fukagawa et al. reported the fabrication of a series of pure red EL devices by doping two phosphorescent red-light-emitting platinum(II) complexes into low-energy-gap host materials [6] . The highest external quantum efficiency and power efficiency up to 19.5% and 30.3 lm∕W, respectively, have been realized. However, this device design strategy is not appropriate for white OLEDs because the low triplet energy of host material(s) could lead to reverse energy transfer from blue and green emitters to host molecules, thereby leading to quenching of blue and green emissions [1] .
In this work, we improved the EL performance of the previously reported red-light-emitting platinum(II) Schiff base complex 5a (Fig. 1 ) by using double light-emitting layers (EMLs) device structure that is effective in improving EL efficiency, confining recombination zone, as well as delaying the roll-off of efficiency [7] [8] [9] [10] [11] . By doping 5a into different host materials, a series of EL devices with single or double EMLs were fabricated. Highperformance EL devices with the highest current efficiency and power efficiency up to 17.36 cd∕A and 14.73 lm∕W, respectively, were obtained by selecting the host materials having stepwise energy levels. In addition, the roll-off of EL efficiency was delayed owing to the dilated recombination zone. The device structure and energy level diagram of the highest occupied molecular orbital (HOMO)/the lowest unoccupied molecular orbital (LUMO) of the designed OLEDs are depicted in Fig. 1 . Di-[4-(N,Nditolyl-amino)-phenyl]cyclohexane (TAPC) was used as hole transport/electron block layer (HTL/EBL) due to its high hole mobility (1 × 10 −2 cm 2 V −1 s −1 ) and high-lying LUMO level (−1.8 eV) [12] . 1,3,5-Tri(m-pyrid-3-yl-phenyl) benzene (TmPyPB) was used as hole block/electron transport layer (HBL/ETL) due to its low-lying HOMO level (−6.7 eV) and high electron mobility
. P-type material 4,4′,4″-Tris (carbazole-9-yl)triphenylamine (TcTa) and n-type material 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine (26DCzPPy) were chosen as host materials for EML1 and EML2, respectively [14] . The stepwise HOMO levels of TAPC (−5.5 eV), TcTa (−5.7 eV), and 26DCzPPy (−6.1 eV) are beneficial for the injection and transport of holes [1, 12, 15] , while the stepwise LUMO levels of TmPyPB (−2.7 eV), 26DCzPPy (−2.6 eV), and TcTa (−2.4 eV) are beneficial for the injection and transport of electrons [1, 13, 15] . Therefore, balanced distribution of carriers (holes and electrons) and wide recombination zone could be expected. In addition, the LUMO level of TAPC is 0.6 eV higher than that of TcTa while the HOMO level of TmPyPB is 0.6 eV lower than that of 26DCzPPy; thus, holes and electrons are well confined within EMLs [16] . The width of the recombination zone can be adjusted by controlling the thicknesses of EML1 and EML2. Since the HOMO and LUMO levels of 5a (−5.37 and −2.89 eV) are within those of TcTa and 26DCzPPy [5] , carrier trapping is conceived to be a dominant EL mechanism of these devices [17, 18] .
First, a series of devices with the structure of ITO/ TAPC (40 nm)/5a (x%):TcTa (5 nm)/5a (x%):26DCzPPy (10 nm)/TmPyPB (40 nm)/LiF(1 nm)/Al(100 nm) were fabricated and examined in order to optimize the doping concentration of 5a. Figure 2 depicts the doping concentration dependence of EL efficiency. Brightness-voltage-current density characteristics of these devices are depicted in the insert of Fig. 2 . The 4% device gave the highest brightness of 9898 cd∕m 2 , the highest current efficiency of 7.76 cd∕A, and the highest power efficiency of 7.16 lm∕W.
Based on the 4% doped device, six more devices were fabricated by optimizing the thickness of each layer. As shown in Fig. 3 and Table 1 , increasing EML1 to 10 nm (device A) and inserting a 5 nm (device D) or 10 nm (device F) neat TcTa layer between HTL and EML1 led to an increase in EL efficiency, which is attributed to the improved balance between holes and electrons. On the other hand, decreasing HTL to 30 nm (device C) and increasing ETL to 50 (device B) or 60 nm (device E) led to delay in the roll-off of EL efficiency attributed to the expansion of the recombination zone. Among these devices, device F displayed the highest current efficiency of 17.36 cd∕A. This value is 60.7% higher than our previously reported value of 10.8 cd∕A [5] . At the brightness of 1000 cd∕m 2 , this device showed the highest current efficiency of 8.89 cd∕A. In our experimental setup at Changchun Institute of Applied Chemistry, an unoptimized lifetime of 9600 h for this device has been realized.
For comparison, we have also fabricated two reference devices with a single EML by selecting TcTa (Device G) and 26DCzPPy (Device H) as host material, respectively. TcTa is hole dominant host material and 26DCzPPy is electron dominant host material [1, 12, 13, 15] . The recombination zone of holes and electrons in devices G and H are expected to be close to the interface of EML/HTL and EML/ETL, respectively. Compared with device F, as shown in Figs. 3 and 4 , devices G and H showed relatively lower maximum efficiency, faster efficiency roll-off, and lower brightness attributed to the unbalanced carriers' injection and narrower recombination zone.
Two other double EML devices were fabricated with the following structures: ITO/TAPC (40 nm)/5a (4%):TcTa (10 nm)/5a (4%):TmPyPB (10 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm) (device I) and ITO/TAPC (40 nm)/ 5a (4%):TAPC (10 nm)/5a (4%):26DCzPPy (10 nm)/ TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm) (device J). The HOMO level of TcTa is 1.0 eV higher than that of TmPyPB, while the LUMO level of TAPC is 0.8 eV higher than that of 26DCzPPy. Therefore, transfer of holes and electrons between the two EMLs of device I or J is difficult due to the high energy barrier between the two host materials. Consequently, holes will be the major carriers Fig. 2 . EL efficiency-current density characteristics of the devices with 5a at different doping concentrations. Inset: brightness-voltage-current density characteristics of the devices with 5a at different doping concentrations. in the EML near anode, and electrons will be the major carriers in the EML near cathode. Therefore, the recombination zone in device I or J is close to the interface between the two EMLs. As shown in Figs. 3 and 4 , EL performances of devices I and J are inferior to those of device F, attributed to the unbalanced carriers' distribution within EMLs and the narrower recombination zone. These findings reveal that the device structure having double EMLs with stepwise energy levels is an efficient method to balance the distribution of holes and electrons within the recombination zone and to broaden the recombination zone. More importantly, this device design strategy can be used to develop high-performance white OLEDs because the utilized host materials have high triplet energy, thereby avoiding the reverse energy transfer from blue and green emitters to host molecules [13] [14] [15] . As shown in Fig. 5 , the EL spectra of devices F, G, and H were compared with the photoluminescence (PL) spectra of TcTa and 26DCzPPy. Besides the characteristic emission of 5a, devices G and H showed respective emission bands at 405 and 395 nm, which could be matched to the PL emission of TcTa and 26DCzPPy, respectively. However, device F showed a relatively weaker, broad emission from 340 to 480 nm, attributed to admixture of TcTa and 26DCzPPy emissions. Thus, the double EML device structure with stepwise energy levels helps to enhance carrier trappings and to decrease the accumulation of holes and electrons, contributing to the improvement in device performance. Device F showed a relatively higher shoulder emission peak at 580 nm. Further study on this emission band is in progress.
In summary, we have designed and fabricated a series of devices with double EMLs having stepwise energy levels. With the platinum(II) Schiff base emitter 5a, a highperformance pure red EL device with maximum current efficiency of 17.36 cd∕A and maximum power efficiency of 14.73 lm∕W was obtained. Even at the brightness of 1000 cd∕m 2 , current efficiency as high as 8.89 cd∕A could be retained. Fig. 4 . EL efficiency-current density characteristics of devices G, H, I, and J. Inset: brightness-voltage-current density characteristics of devices G, H, I, and J. Fig. 5 . Normalized EL spectra of devices F, G, and H operating at 10 mA∕cm 2 . PL spectra of TcTa and 26DCzPPy are also shown.
